Postmortem studies of three ostensibly healthy persons whose unheralded death occurred incidental to strenuous exercise revealed an unobstructed but mural left anterior descending (LAD) artery, diminished vascularity to the posterior left ventricle and ventricular septum, and morphologic evidence of patchy, ischemic necrosis of the ventricular septum in different stages of healing. Although mural coronary arteries are considered a normal anatomic variant, our observations, coupled with reported clinical studies, strongly suggest that systolic constriction of the LAD artery may precipitate death in selected subjects.
ALTHOUGH atherosclerotic coronary artery obstruction is the major cause of myocardial ischemia and infarction, these myocardial changes and even death may occur without advanced obstructive coronary artery disease.' Myocardial ischemia in the absence of obstructive coronary atherosclerosis can be caused by coronary spasm, probably secondary to inappropriate a-adrenergic receptor activity,2-4 or by compression of a major epicardial artery by contraction of an overbridging left ventricular muscle.5' 8 Muscular overbridging of coronary arteries commonly involves the left anterior descending artery (LAD)7 and was first recognized more than 200 years ago. 8 In 1951, Geiringer referred to overbridged arteries as "mural" coronaries, and suggested that in their intramyocardial segments these vessels are protected from obstructive atherosclerosis.9 This idea, along with interest in the frequency of muscular overbridging of coronary arteries, dominated subsequent reports. [10] [11] [12] [13] [14] [15] [16] More recently, the clinical relevance of muscular overbridging of the LAD was heightened by reports of relief of angina pectoris by myotomies of the overbridge in selected patients. [17] [18] [19] [20] [21] Observations by Noble et al.f in 11 patients with angina pectoris and muscular overbridging of the LAD suggest that cyclic compression of a mural LAD produces ischemia. Four out of five patients with > 75% systolic narrowing of the LAD developed ischemic ECG changes and abnormal lactate production or extraction with tachycardia (atrial pacing at 150 beats/min). Two of the remaining six patients who had 50-75% systolic compression developed ischemic ECG changes with tachycardia.
In this paper, we report sudden death with strenuous exercise in three patients in whom a mural LAD, a diminutive vascular supply to the posterior heart and septal fibrosis were the common abnormal findings. The coronary arteries showed moderate or trivial atherosclerosis. These morphologic findings, coupled with the clinical evidence of myocardial ischemia developed by Noble et al.,6 strongly suggest that in selected subjects, a mural LAD may be critically constricted during systole and produce myocardial ischemia and fibrosis, and that this intramyocardial location of the LAD may represent a potentially lethal anatomic variant.
Report of Cases

Case 1
A 54-year-old Caucasian male experiencing episodic left precordial pain radiating to the back, precipitated by emotional stress but not necessarily with exertion, was followed by serial ECGs and special cardiac studies over many years. The ECGs showed a persistently short PR interval, the development of left septal block (septal fibrosis) and ST-T abnormalities consistent with subendocardial ischemia ( fig. 1 ). An exercise stress test (Master's two-step) was strongly positive.
Cardiac catheterization, including His bundle studies 8 years before death, revealed no accessory atrioventricular conduction pathways and normal coronary arteries. (A retrospective review of the coronary arteriogram revealed a "milking effect" in the proximal midportion of the LAD.) All hemodynamic measures of left ventricular function were normal. Because the left ventriculogram suggested ventricular hypertrophy, a postcatheterization diagnosis of idiopathic cardiomyopathy was made.
The precordial and back pain were refractory to medication. While jogging and unattended he experienced sudden death.
The cardiac findings at necropsy revealed a 400-g heart without valvular disease or dilatation of the ventricular or atrial chambers. Serial, 1-cm-thick transverse sections from apex to cardiac base revealed an irregular transmural grey-white area measuring 2.5 X 1.3 cm with intermixed brown myocardium, involving the most anterior portion of the ventricular septum and adjacent left anterior ventricular wall, from the apex to 2.5 cm from the base of the heart (fig.  2 ). The ostia of the left and right coronary arteries were seated within their respective sinuses of Valsalva and the distribution of these arteries was, according to the Schlesinger classification,22 a left-predominant circulation. The right coronary artery had a comparatively small diameter with no significant .., artery. A 0.5-cm left main coronary trunk was also free of atherosclerosis. The left circumflex artery, in its trajectory within the atrioventricular groove, was covered by a loop of atrial muscle that was situated 2 cm from the origin of the vessel and extended for 1.5
cm. The circumflex artery was free of obstructing atherosclerosis; the most pronounced plaque was proximal to the origin of the posterior descending artery, extended for 1.5 cm and maintained a patency of about 50% of the lumen. The LAD showed an atherosclerotic plaque 2 cm from its origin, but the vessel retained over 50% patency. Immediately distal to this plaque, the LAD dipped into the myocardium, proceeding as an intramural artery for 3 cm (figs. embedded in paraffin, and divided into I-cm blocks. Subserial 6-i sections from each block were stained with hematoxylin and eosin, Masson's trichrome and elastic stains. Patchy, irregular areas of healing necrosis admixed with histologically normal and partially injured myocardial fibers were seen in the anterior septum and left ventricular wall, extending from the outer third of the ventricular wall, immediately underneath the overbridged LAD, to the endocardium ( fig. 3 ). Partially altered fibers consisted of muscle with irregular outlines, myocytolysis and often fragmentation ( fig. 4 ). The foci of reparative necrosis varied from a few microns to 6 mm in diameter and were in various stages of healing. While some areas consisted of dense acellular scars, others showed considerable vascular and fibroblastic proliferation, edema and focal round cell infiltration ( fig. 5 ).
Minimal intimal thickening and moderate fibrosis A 34-year-old male without medical history died suddenly while jogging. Pathologic findings were confined to the heart, which was dissected in a manner similar to that used in case 1. The heart weighed 460 g and had normal valves and no appreciable degree of ventricular or atrial dilation. Both coronary arteries arose from their respective sinuses of Valsalva, their lumina were patent throughout and there was no significant degree of atherosclerosis. After crossing the acute margin of the heart and providing a diminutive branch along the atrioventricular groove to the atrioventricular node, the right coronary terminated as an oblique artery over the posterior right ventricle. A 1.5-cm left main coronary trunk provided the LAD and a small left circumflex artery that ended in the posterior left ventricular wall after giving off the obtuse marginal branch. There was no posterior descending artery. After a 3.5-cm subepicardial segment, the LAD became embedded in the myocardium for a length of 2 cm ( fig. 6 ) and then resurfaced in its course to the apex. This myocardial overbridging measured 3 mm at its maximum thickness over the LAD. Immediately under the overbridged LAD, a grey-white irregular zone interrupted the normal-appearing myocardium at the most anterior portion of the ventricular septum and adjacent left anterior ventricular wall and encompassed a cross-sectional area of 2 X 1.5 cm that extended distally for about 4 cm. A morphologically similar area measuring 1.5 X 1 cm was also present in the posterior portion of the ventricular septum ( fig. 6 ).
Microscopic examination revealed changes in the areas of gross abnormality similar to those in case 1, of the media were seen in the intramyocardial segment of the LAD. The vessel's circumference was often irregular, with infoldings of the wall. Microscopic studies confirmed the gross findings of patchy, mildto-moderate atherosclerosis of the coronary arteries, which was more pronounced immediately proximal to the intramyocardial segment of the LAD producing 50% stenosis of the lumen. The atrioventricular nodal artery was equally stenosed by concentric intimal hyperplasia.
Examination of other organs revealed no significant abnormalities. and confirmed the absence of significant occlusive atherosclerotic disease of the coronary arteries and showed fibrosis of the media in the overbridged segment to the LAD. Case 3 A 17-year-old female, while swimming in a pool, suddenly cried for help, complaining of difficulty in breathing. She had swum approximately 10 laps (300 feet) and was able to help herself out of the pool with minimal assistance. She then lay down and became unconscious. When the rescue squad appeared she was in asystole and had no vital signs. After cardiopulmonary resuscitation, she was taken to the emergency room of a local hospital.
The patient had a history of seizure disorder since 9 years of age and had been taking Luminal, but she had been seizure-free for many years and had not taken medication for 3 years before death.
On admission to the hospital, the patient had fixed, dilated pupils, and blood gases revealed severe acidosis. The ECG showed nonspecific, postresuscitation types of QRS and ST changes. The patient remained unconscious and died 14 hours after admission.
Postmortem examination showed significant pathologic findings in the lungs and heart, while all other organs were grossly and microscopically normal. The lungs were heavier than normal (right 655 g, left 660 g) and had marked congestion and edema. The heart weighed 260 g. The coronary arteries showed no gross evidence of atherosclerosis. The right coronary artery, after providing the acute marginal branch, crossed obliquely over the posterior right ventricle, where it was overbridged by the myocardium for about 3 cm and entered the posterior intraventricular groove to the apex as a diminutive posterior descending artery. The LAD branch dipped into the myocardium a few millimeters from its origin, then followed an intramyocardial course for 2 cm, reappeared in the epicardium for a short length (3 mm) and disappeared again into the myocardium for 1.7 cm of its course toward the apex of the heart. This intramyocardial trajectory of the LAD was followed with subserial 6-M sections obtained from 1-cm transverse segments of the entire anteroseptal portion of the left ventricle embedded in paraffin. These sections revealed that the LAD pierced the anterior ventricular wall at the junction of the right ventricle with the ventricular septum and reached the subendocardium. Thus, in this location the vessel was encircled by a ring made up medially, inferiorly and laterally by the ventricular septum and anteriorly by the right ventricular wall ( fig. 7) . This vessel followed a more superficial trajectory in its second intramyocardial segment. The endocardial half of the entire left ventricular wall was dark red, with gross and microscopic appearance of hemorrhagic necrosis where necrotic myocardial fibers, often with contraction bands, were spread apart by interstitial hemorrhage. Early polymorphonuclear infiltrate was apparent. A focal proximal portion of the overbridging in the anterosuperior portion of the ventricular septum. Minimal focal intimal thickening of the LAD proximal to the intramyocardial course was the only microscopic evidence of atherosclerosis.
Discussion
These unheralded deaths in three active persons without family history of cardiac disease or sudden death and with coronary arteries unobstructed by atherosclerosis had four common features: (1) collapse and death incidental to strenuous exercise, (2) mural LAD artery, (3) underdeveloped or reduced circulation to the posterior left ventricle and septum, and (4) varying degrees of patchy anteroseptal ventricular ischemic injury in different states of healing.
Of the three cases, only case 1 had previous coronary arteriography, which documented a "milking effect" of the LAD consistent with compression of the artery by contraction of overbridging ventricular muscle. However all three cases had morphologic evidence of myocardial ischemia and fibrosis in the territory of the LAD. Different stages of cell injury and tissue fibrosis were found in the anteroseptal region of the ventricular septum in cases 1 and 2, and consisted of fragmentation of myocardial fibers, proliferation of fibroblasts and round cell infiltration and dense collagen with fibrous tissue deposits in some areas. The focal anteroseptal fibrosis in case 3 represented a similar process. These morphologic changes in the ventricular septum provide strong but indirect evidence of myocardial ischemia in the territory of the LAD, probably due to intermittent compression of the artery by ventricular muscle overbridging. Each LAD had a 2-3-cm layer of left ventricular muscle overbridging the artery, and in case 3 the artery was covered by a second bridge. Long muscular bridging as found in these three cases could produce a segmental, tubular systolic compression of the LAD, as shown by many authors with coronary arteriography. The developing septal fibrosis was recognized by the loss ofthe Q wave in the ECG leads subtending the left side of the septum (standard leads I, aVL, V5 and V6) ( fig. 1 ) in the absence of a preexcitation pathway (normal His bundle studies) in case 1. In 1956, Burch described the ECG syndrome of septal fibrosis23 in which the Q waves were absent in these leads; Burch and DePasquale24 later analyzed the hearts of 1184 consecutive autopsies with previous ECG records. One hundred twenty-seven cases of septal fibrosis were found, 101 of which had the ECG syndrome of septal fibrosis. Only 2% of the 1 184 hearts had the ECG syndrome without morphologic evidence of septal fibrosis.
The ECG changes of progressive abnormal ST-T waves (fig. 1 ) in case 1 is consistent with chronic and increasing subendocardial ischemia. The basis for left ventricular subendocardial ischemia was clarified by the studies of Kirk and Honing25' 26 showing a slower clearance of radioactive sodium iodide deposits and a lower oxygen tension in the inner than in the area of fibrosis was present immediately beneath the oxygen consumption in the inner than in the outer canine left ventricle.27 28 Griggs raised the lactate/pyruvate ratio to levels nearly 3 times higher in the inner than in the outer layer of the myocardium by a 50% reduction of coronary flow29 and noted a "'moderate" coronary constriction producing significantly greater elevations of lactate/pyruvate ratios in the inner than in the outer canine myocardial layer with f-adrenergic stimulation. 30 Anatomically, the ventricular septum and ventricular subendocardium receive the blood supply by septal perforating branch arteries from the LAD, which collateralize with perforating branch arteries from the posterior descending artery. Reduced blood 235 supply to the ventricular septum may be caused by systolic compression of the LAD, by a diminutive or absent posterior descending artery or by systolic compression of a large septal perforating artery. Systolic obliteration of perforating arteries may occur in patients with mural LAD.31Whiting32 and Grossman and Adams33 reported angina pectoris and myocardial infarction in three young subjects (14, 18 and 25 years of age) with diminutive right coronary arteries. Each of our three hearts had diminutive or absent posterior descending arteries; case I had an atrial muscle encasing the proximal segment of the circumflex artery, concentric intimal hyperplasia of the atrioventricular node artery and an atheromatous plaque producing a 50% luminal narrowing proximal to the origin of the posterior descending artery, while case 2 had an absent and case 3 an aberrant and diminutive posterior descending artery. Underperfusion or reduced circulation to the posterior ventricular septum limits the potential for collateral blood flow with the LAD, and systolic compression of large septal perforating arteries might have contributed to ventricular septal ischemia and fibrosis and to sudden death of these three cases.
Acceleration of cardiac rate and increase in adrenergic release with strenuous exercise would, according to the findings of Nobel et al. 6 and Griggs et al., 30 favor subendocardial ischemia and excessive lactate/pyruvate production. Increased circulating catecholamines may increase the vulnerability to ventricular fibrillation34 or precipitate coronary artery spasm through an a-adrenergic mechanism. 35 Regardless of the mechanism, the effect is electrophysiologic instability leading to lethal ventricular arrhythmias.
The incidence of mural LAD in necropsy series varies widely, and, according to Polacek and Zechmeister,7 apparently depends upon the awareness and prosecting technique of the pathologist. In various studies,9-16 mural LAD was found in 449 of 1652 cases (27%). On the other hand, in a series of more than 5000 patients with coronary arteriograms, Noble et al.6 found a 0.51% incidence of LAD overbridging producing systolic compression. More recently, an incidence of 1.6% was reported in an arteriographic evaluation of 313 patients.38 Perhaps mural LAD might be suspected in young patients with angina-like pain in whom the ECG syndrome of septal fibrosis is recognized and a positive exercise stress ECG response is found. These patients may warrant coronary arteriography and myocardial scintigraphy to document systolic compression of the LAD and reduced perfusion of the posterior septum and left ventricle. The study should include atrial pacing and coronary sinus lactate measurements. Recognition of a mural LAD with associated myocardial ischemia and fibrosis as a potentially lethal variant should direct attention to possible left ventricular myotomies.
